Plants suffer from adverse ambient conditions such as pathogen attack and environmental stresses as they cannot move themselves away. To cope with these external stimuli, plants have developed sophisticated machinery in their metabolism. One is 'preformed defense reaction', constitutively activated at a basal level prior to biotic and abiotic stresses ([@b39-ppj-29-305]). On the other hand, plant defense can be rapidly induced under stress conditions, and followed by activated calcium channel, complex defense signaling crosstalk ([@b15-ppj-29-305]), and accumulation of antimicrobial proteins ([@b59-ppj-29-305]), that is called 'induced resistance (IR)'. Over the last few decades, practical efforts have been made to induce disease resistance of plants against pathogen infection in the laboratory and agricultural fields by exogenous applications of various defense activators, namely chemical elicitors. Salicylic acid (SA) and its derivative benzothiadiazole (BTH) are well known plant defense activators against invasions by obligate fungi and hemibiotrophic bacteria (Friedrich et al., 1996; [@b16-ppj-29-305]; [@b61-ppj-29-305]). BTH has been commercialized as an effective compound in the market by several manufacturers. Jasmonic acid (JA), fatty acid-derived compound confers plant tolerance to necrotrophic fungi and herbivores ([@b1-ppj-29-305]; [@b45-ppj-29-305]). JA occasionally acts antagonistically with SA-dependent defense signalling during plant-pathogen interactions ([@b49-ppj-29-305]). However, application of JA followed by SA significantly enhanced disease resistance to *Cucumber mosaic virus* ([@b28-ppj-29-305]). In recent years, plant growth-promoting rhizobacteria (PGPR) and mycorrhizal fungi have been considered as promising biotic agents for modern plant protection, because these microbes could enhance disease resistance of plants to various challenging pathogens ([@b60-ppj-29-305]).

β-Amino-*n*-butyric acid (BABA), a non-protein amino acid, is known as defense priming molecule that potentiates accelerated defense to pathogen infection and osmotic stress. BABA-induced resistance (BABA-IR) has been frequently found in many crops against diverse bacterial and fungal species in recent decades ([@b18-ppj-29-305]; [@b38-ppj-29-305]; [@b62-ppj-29-305]). With an array of example of BABA-IR, the mode-of-action of BABA including crosstalk with other defense signaling pathways in plants remains largely unknown. BABA-IR in Arabidopsis against P*ectobacterium carotovorum* ssp. *carotovorum* was independent of SA, JA and ethylene-mediated defense signaling ([@b3-ppj-29-305]). SA is required for BABA-IR of potato against late blight disease by *Phytophthora infestans* ([@b11-ppj-29-305]). Molecular genetics analysis using model plant Arabidopsis revealed that BABA-IR to necrotrophic fungi *Alternaria brassicicola* and *Plectospharella cucumerina* infection was dependent on abscisic acid (ABA)-mediated signaling pathways ([@b56-ppj-29-305]). By contrast, ABA-independent pathway for BABA-IR also was suggested in lettuce against *Bremia lactucae*, downy mildew oomycete pathogen ([@b9-ppj-29-305]). It is widely well known that ABA is a closely related plant hormone controlling abiotic stresses like high salinity, drought and low temperature ([@b34-ppj-29-305]; [@b58-ppj-29-305]). Indeed, treatment with BABA can trigger both abiotic and biotic stress tolerance in Arabidopsis. Faster and stronger defense gene expressions were observed in BABA-primed plant cells in response to microbial infection and environmental stresses ([@b18-ppj-29-305]; [@b22-ppj-29-305]; [@b67-ppj-29-305]). Accelerated defense gene expression by BABA priming was likely to render immediate sensitization to adverse plant environment conditions. These observations suggest that BABA interacts with different signaling pathways for triggering plant defenses.

A few recent intriguing emerging findings have suggested novel actions of BABA in plant development and growth ([@b21-ppj-29-305]; [@b63-ppj-29-305]; [@b66-ppj-29-305]). While exogenous BABA application influenced silique length and seed production ([@b21-ppj-29-305]), it did not affect seed germination of Arabidopsis compared to the water-treated control seeds ([@b63-ppj-29-305]). In addition, primary root elongation and rosette leaf growth were severely retarded in the BABA-treated Arabidopsis plants, accompanying increased accumulation of anthocyanin and gene expression of chalcone synthase (CHS) and dihydroflavonol-4-reductase (DFR) responsible for anthocyanin biosynthetic pathway. Interestingly, BABA-mediated Arabidopsis root growth inhibition was significantly increased by additive ABA application, but partially rescued by L-glutamine treatment ([@b63-ppj-29-305]).

Kimchi cabbage (*Brassica rapa* subsp. *pekinensis*), cruciferous plant like Arabidopsis, is one of the most important economic vegetable crops in Asia, evidenced by genome sequence recently publicly launched ([@b54-ppj-29-305]). Although BABA can be one of the important regulators for plant growth and stress tolerance, no report on the role of BABA is demonstrated in kimchi cabbage. In this study, biological responses of phytopathogenic fungi and kimchi cabbage seedlings to BABA treatment were evaluated in the light of development and disease resistance. Furthermore, our data suggest that a physiological interaction of BABA with phytohormone ABA is also operated, at least in part, in kimchi cabbage.

Materials and Methods
=====================

Plant growth.
-------------

Kimchi cabbage (*B. rapa* var. *glabra* cv. Samrack-eolgari) seeds were sterilized with 1% sodium hypochlorite (NaOCl) for 10 min and then washed 5 times with sterile distilled water. Seeds were germinated on the water-saturated paper for 1 day. Six germinated seeds were sown in one plastic square pot (12.5 cm × 8 cm × 6 cm) containing steam-sterilized soil mixtures. The kimchi cabbage plants were raised in a growth room under the controlled environments of 23 ± 2°C and 70 μmole photons/m^2^/s illumination with 12 h light/12 h dark photoperiod at the 60% relative humidity until used. To measure fresh weight (FW) and primary root elongation on the synthetic media for early seedling development, surface-sterilized germinating seeds with radicle (1 mm in length) were placed onto Murashige-Skoog (MS) agar media ([@b33-ppj-29-305]) containing different BABA and ABA doses. The MS agar plates were placed vertically during the kimchi cabbage seedling growth.

Chemical treatments.
--------------------

To investigate effect of BABA on the growth of kimchi cabbage seedlings, different concentrations of BABA (0, 0.1, 0.2, 0.5, 1, 2, 5 and 10 mM) prepared in distilled water were foliar-sprayed onto 2-week-old kimchi cabbage seedlings, and then FW of the leaves was measured. Two-week-old seedlings were also gently removed from the potting mixtures, and transferred to the solutions with increasing concentrations of BABA in 2 mL-microtubes. FW of the seedlings were measured before and after transferring to the BABA solutions.

For BABA-IR of kimchi cabbage plants to fungal infections, the same concentration range of the BABA solution was foliar-sprayed 1 day prior to fungal inoculations of *A. brassicicola* and *C. higginsianum*.

Different concentrations of BABA (0, 0.001, 0.01, 0.1, 1 and 10 mM) and ABA (0, 0.5, 1, 2, 5 and 10 μM) were added into half strength of MS media for the early seedling development. BABA solutions (0, 5, 10, 15 and 20 mM) were foliar-sprayed onto 2-week-old kimchi cabbage seedlings, and FW of the seedlings were measured 7 days after BABA treatment to observe BABA effect on kimchi cabbage seedling growth.

*In vitro* fungal pathogen growth in response to BABA treatment.
----------------------------------------------------------------

Conidia of *A. brassicicola* (Mycothèque de l'Université catholique de Louvain, MUCL 20297) and *C. higginsianum* isolate C97-28 (Korean Agricultural Culture Collection, KACC 40807) were harvested from the 6-day-old culture on V8 juice agar and potato dextrose agar (PDA) media, respectively. Conidial suspension (2 ×10^5^ conidia/mL) was mixed with different concentrations of BABA. Drops were incubated on slide glass in the moist chamber without cover glass at 25 °C for 5 h. Conidial germination was observed under light microscope and relative germination rate by BABA treatment was calculated compared to that in BABA-untreated control. Conidial germination was evaluated when conidia without BABA treatment germinated ca. 80%.

*A. brassicicola* and *C. higginsianum* were cultured on PDA media supplemented with different concentrations of BABA (0, 0.1, 0.2, 0.5, 1, 2, 5 and 10 mM). The PDA plates with mycelial plugs placed at the center were incubated at 25 °C under darkness. Diameters of the growing fungal colonies were measured and relative mycelial growths were expressed as percentage compared to that on the untreated media.

For investigation on conidation of the two fungi onto the BABA-containing PDA media, mycelial discs (5 mm in diameter) were removed from the fungal colonies 7 days after cultures and transferred to microtubes. Sterile distilled water (0.1 mL) was added to the tubes and mixed vigorously to prepare conidial suspension. Conidia in the suspension were counted under the light microscope. Conidation was expressed as conidia no./cm^2^ of media area.

Fungal inoculations and disease evaluations.
--------------------------------------------

*A. brassicicola* was grown on V8 juice agar media at 25 °C in the dark. Conidia were obtained from 7 day-old cultures by gentle scarping and conidial suspension in sterile water was prepared by filtering through two layers of sterile cheesecloth. Concentration of conidial suspension was adjusted to 5 × 10^4^ conidia/mL supplemented with 0.05% Tween 20 as a surfactant. Primary and secondary leaves of kimchi cabbage plants at 2-week-old stage were inoculated by spraying conidial suspension, or by placing four 7 μL droplets of conidial suspensions of *A. brassicicola.* The inoculated plants were transferred to moist chamber for 48 h under dark condition to allow symptom to develop. To quantify BABA-IR, number of spreading susceptible necrotic lesions on the drop-inoculated leaves was counted. Disease severity of kimchi cabbage seedlings by the fungal inoculation was visibly observed for conidial suspension-sprayed plants.

*C. higginsianum* was also cultured on PDA at 25 °C under darkness. Preparation of conidial suspension of *C. higginsianum* was the same with those performed for *A. brassicicola*. Conidial suspension of 1 ×10^4^ conidia/mL supplemented with 0.05% Tween 20 were adjusted for *C. higginsianum* to inoculate the kimchi cabbage leaves. The inoculated plants were placed in moist chamber for 24 h with darkness for symptom development. Evaluation of BABA-IR against *C. higginsianum* was performed with same procedures used for BABA-IR against *A. brassicicola*.

To observe the fungal symptom development on the kimchi cabbage plants, 4 pots containing 6 seedlings/pot were used for BABA-treated seedlings and untreated ones.

Statistical analyses.
---------------------

Analysis of variance (ANOVA) was used to determine the effects of treatments on disease resistance and growth of kimchi cabbage plants. Means were compared using Duncan's multiple range tests. Statistical analysis was performed with the SAS version 8.1 (SAS Institute, Inc., Cary. NC).

Results
=======

Effect of BABA on seedling growth of kimchi cabbage.
----------------------------------------------------

Early seedling development of kimchi cabbage was arrested by increasing concentration of BABA treatment ([Fig. 1](#f1-ppj-29-305){ref-type="fig"}). Cotyledon expansion, root emergence and root hair formation were severely retarded during germination 1 day after high dose of BABA treatment ([Fig. 1A](#f1-ppj-29-305){ref-type="fig"}), shown as reduced FW and primary root length 3 days after treatment ([Fig. 1B](#f1-ppj-29-305){ref-type="fig"}). Total FW and root elongation of the seedlings treated with more than 1 mM of BABA were significantly decreased. Treatment of germinating seedlings with 1 mM and 10 mM of BABA reduced their FW by 19% and 63%, respectively. Primary root elongation of the BABA-treated germinating seedlings was also retarded to 82 and 21% by 1 and 10 mM of BABA treatments, respectively.

Plant hormone, ABA, is involved in root growth. High dose of exogenously applied ABA led to reduced growth of primary root in many plant species ([@b27-ppj-29-305]; [@b36-ppj-29-305]; [@b65-ppj-29-305]). We investigated whether root growth of kimchi cabbage seedlings were also affected by ABA and relationship with BABA-mediated root growth retardation. Treatment of germinating kimchi cabbage seeds with ABA delayed growth of the seedlings, showing reduced FW and elongation of primary root ([Fig. 1C](#f1-ppj-29-305){ref-type="fig"}). FW of kimchi cabbage seedlings were drastically reduced by increasing concentration of exogenous ABA at least by 0.5 mM to 84.4%, compared to that of untreated seedlings. Root growth was decreased to 25.4% compared to the control seedlings at a concentration of 10 mM ABA. In addition to 1 mM of ABA, BABA application synergistically affected seedlings growth with loss of FW and root elongation ([Fig. 1D](#f1-ppj-29-305){ref-type="fig"}).

BABA-mediated plant growth arrest and tissue damages.
-----------------------------------------------------

Application of BABA on 2-week-old kimchi cabbage seedlings affected plant growth and tissue damages ([Fig. 2](#f2-ppj-29-305){ref-type="fig"}). The kimchi cabbage seedlings were foliar-sprayed or root-dipped into different concentration of BABA, and the plant growth was investigated 1 day after BABA treatment by measuring FW ([Fig. 2A](#f2-ppj-29-305){ref-type="fig"}). We could not find any significant changes in FW of the seedlings treated with foliar-sprayed BABA (0.1 to 10 mM), while increasing BABA doses by root-dipping led to adverse effect on the seedling growth with wilting and reduced FW.

Relatively higher dose of BABA (5, 10, 15 and 20 mM) was applied by foliar spraying and plant growth was investigated 7 days after the treatment ([Fig. 2B--D](#f2-ppj-29-305){ref-type="fig"}). Kimchi cabbage seedlings at 2-week-old have fully expanded primary and secondary leaves, and third leaf began to emerge. When foliar part of the seedlings was treated with BABA, 15 and 20 mM of BABA caused tissue damages 7 days after treatment, but relatively lower concentrations of BABA did not lead to any visible tissue damage. No foliar damages were found in the newly developing 3rd and 4th leaves 7 days after BABA treatment. BABA-triggered tissue damage of the leaves was clearly shown by removing chlorophylls with ethanol ([Fig. 2C](#f2-ppj-29-305){ref-type="fig"}). Tissue damages in the leaves treated with relatively lower dose of BABA (5 -- 10 mM), not evidently visible in the leaves without the clearing, were also seen by ethanol clearing. Enlarged brown necrotic areas in the leaves treated with higher BABA (15 -- 20 mM) were distinctly demonstrated by the clearing. FW of the kimchi cabbage seedlings was measured to quantify plant growth affected by BABA treatment ([Fig. 2D](#f2-ppj-29-305){ref-type="fig"}). FW of the 1st leaves was not affected by different concentrations of BABA, and FW of 2nd leaves was reduced only by 20 mM of BABA. The 15 and 20 mM of BABA decreased FW of the 3rd leaves. There was no difference in the FW of 4th leaves by all concentrations of BABA tested.

Effect of BABA on *in vitro* fungal growth.
-------------------------------------------

*In vitro* conidial germination of *A. brassicicola* and *C. higginsianum* was modulated by exogenous BABA treatment ([Fig. 3A](#f3-ppj-29-305){ref-type="fig"}). Lower BABA dose (0.1--0.2 mM) slightly arrested conidial germination of *A. brassicicola*, but the germination rate was not altered by 0.5 mM of BABA. Interestingly, 1 mM of BABA rather enhanced conidial germination transiently, however, the germination frequency at more than 2 mM of BABA was returned to the control level. By contrast, increasing dose of BABA accelerated conidial germination of *C. higginsianum.* The conidial germination was being improved in a dose-dependent manner from 1 mM up to 10 mM BABA. By the concentration of 10 mM, the conidial germination was significantly increased by 120.3% compared to that of untreated conidia.

Mycelial growth of *A. brassicicola* and *C. higginsianum* on BABA-containing media was evaluated by measuring colony diameter of the two fungal species to investigate whether BABA has *in vitro* antifungal activities against vegetative growth of the two fungi ([Fig. 3B](#f3-ppj-29-305){ref-type="fig"}). Diameter of fungal colonies formed on the PDA media supplemented with different concentration of BABA was measured at 7 days after fungal cultures of *A. brassicicola* and *C. higginsianum* at 25°C. Treatment with 0.1 to 0.5 mM of BABA did not affect mycelial growth of *A. brassicicola*, but 1 -- 2 mM of BABA slightly increased the fungal growth. Much higher dose of BABA (5 -- 10 mM) rather did not influence mycelial growth of *A. brassicicola* compared to mycelial growth in the untreated control. Surprisingly, dark olive colored *A. brassicicola* colony in the untreated media became faint by increasing BABA concentration ([Fig. 3C](#f3-ppj-29-305){ref-type="fig"}). Mycelial growth of *C. higginsianum* was slightly increased by 0.1 mM of BABA, but 0.2 -- 0.5 mM did not increase the growth any more. One to 5 mM of BABA rather decreased the mycelial growth, but 10 mM of BABA did not alter the growth. Increasing BABA changed colony made salmon-colored and reduced aerial mycelium formation.

Conidation of the *A. brassicicola* and *C. higginsianum* on PDA media was also influenced by BABA treatment ([Fig. 3D](#f3-ppj-29-305){ref-type="fig"}). Increasing BABA concentration drastically decreased conidation of *A. brassicicola*, whereas *C. higginsianum* was stimulated in conidation.

BABA-induced fungal disease resistance in kimchi cabbage plants.
----------------------------------------------------------------

Pretreatment of kimchi cabbage plants with BABA 1 day prior to fungal inoculation differentially conferred resistance against two different fungal diseases, black spot disease and anthracnose caused by *A. brassicicola* and *C. higginsianum*, respectively ([Fig. 4](#f4-ppj-29-305){ref-type="fig"}). To evaluate BABAIR quantitatively, 1st and 2nd leaves were drop-inoculated with conidial suspensions of the two fungi.

BABA-IR appeared in the *A. brassicicola*-inoculated leaves of kimchi cabbage plants in a BABA dose-dependent manner ([Fig. 4A](#f4-ppj-29-305){ref-type="fig"}). In the 1st leaves, lesion number per leaf was not changed by 0 -- 0.2 mM of BABA, whereas 0.5 -- 2 mM of BABA reduced lesion number effectively. Much higher concentrations of BABA (5 -- 10 mM) did not confer any enhanced resistance to the fungal infection. In the 2nd leaves, 0.2 mM of BABA began to decrease the lesion number, and 0.5 -- 2 mM was most effective concentration range of BABA. BABA-IR by 5 mM was slightly lower than those triggered by 0.5 -- 2 mM of BABA concentrations. By 10 mM of BABA, the efficiency of disease protection mediated was diminished, showing relatively lower induced resistance than that accomplished by 0.2 -- 2 mM of BABA pretreatment.

After fungal inoculation by foliar spraying conidial suspension of *A. brassicicola*, the 1st true leaves of the inoculated plants were severely damaged and blighted at 4 days post-inoculation (dpi) without BABA pretreatment ([Fig. 4B](#f4-ppj-29-305){ref-type="fig"}). Necrotic and circular spot lesions appeared on the 2nd and 3rd leaves of the seedlings. Lesions on the leaves were enlarged and coalesced over time. By contrast, susceptible spreading leaf spots by the fungal infection were hardly detected in the challenge-inoculated leaves pretreated with 0.5 mM of BABA.

BABA-IR against *C. higginsianum* inoculation was also shown in the kimchi cabbage plants ([Fig. 4C](#f4-ppj-29-305){ref-type="fig"}). Increasing concentration of BABA was correlated with reduction in lesion formation by anthracnose. BABA pretreatment in the range of 0.1--1 mM could not reduce anthracnose both in the 1st and 2nd leaves. More than 2 mM of BABA efficiently decreased anthracnose symptom development in the leaves, in which no difference in the level of IR was found.

Foliar inoculation of kimchi cabbage seedlings using conidial suspension of *C. higginsianum* caused leaf blight of primary leaves. While numerous necrotic lesions appeared in the inoculated 2nd and 3rd leaves ([Fig. 4D](#f4-ppj-29-305){ref-type="fig"}), pretreatment with 5 mM of BABA reduced number and size of lesions showing tiny scattered lesions the inoculated leaves of kimchi cabbage seedlings at 7 dpi.

Discussion
==========

Non-protein amino acid BABA became first known as a priming agent for induced disease resistance in many crops belonged to diverse genus including cucumber, grape, pepper and tomato plants ([@b8-ppj-29-305]; [@b18-ppj-29-305]; [@b19-ppj-29-305]; [@b23-ppj-29-305]). Knowledge of mode-of-action of BABA in plant tissues during primed disease resistance is still largely limited. Although BABA can be a promising agent for enhanced disease resistance demonstrated in many plant species, underlying mechanism(s) of BABA particularly connecting between plant development and defense perspectives has not been studied.

BABA as a developmental regulator of kimchi cabbage plants.
-----------------------------------------------------------

BABA has been shown to involve in developmental regulation of several plants. High dose of BABA affected adversely seed germination of pearl millet, whereas seed germination of Arabidopsis was not inhibited ([@b47-ppj-29-305]; [@b66-ppj-29-305]). BABA treatment of kimchi cabbage seeds also could not affect germination in this study (data not shown). We examined effect of BABA during early seedling development of kimchi cabbage plants. Significantly reduced early seedling development of kimchi cabbage occurred by exogenous BABA application during primary root growth and cotyledon expansion. ABA is a phytohormone controlling seed dormancy, stomatal closure, root elongation and adaptation to environmental stresses in plants ([@b64-ppj-29-305]). In the present study, ABA was also negatively involved in early seedling development of kimchi cabbage plant, especially primary root elongation. Treatment with ABA suppressed root elongation of kimchi cabbage seedlings. ABA may interact with exogenous BABA in the kimchi cabbage seedlings, showing that BABA and ABA synergistically inhibit seedling development. Interaction of BABA with ABA signaling was demonstrated in plant development and disease resistance of Arabidopsis. BABA could compromise *A. brassicicola*-reduced ABA accumulation and increased *ABSCISIC ACID-INSENSITIVE1* (*ABI1*) gene expression in Arabidopsis ([@b13-ppj-29-305]). However, ABA was not involved in BABA-induced disease resistance found in lettuce plants against downy mildew oomycete *B. lactucae* evidenced by that ABA did not affect the disease resistance alone and in combination with BABA ([@b9-ppj-29-305]).

BABA-triggered tissue damages of kimchi cabbage plants.
-------------------------------------------------------

Two-week-old kimchi cabbage seedlings treated with BABA showed different response dependent on application method. BABA-mediated retardation of kimchi cabbage seedling developments can be due to phytotoxic effects. While foliar-spraying of BABA did not cause visible phytotoxic effect on kimchi cabbage seedlings 1 day after treatment, the treatment by root-dipping with same range of concentrations turned the seedlings severely wilted. It may be due to low permeability of BABA through leaf surfaces but efficient translocation from roots to proximal leaf part as demonstrated in lettuce and tomato plants ([@b7-ppj-29-305]; [@b9-ppj-29-305]). By foliar-spraying, relatively higher BABA amount was required for induced resistance of lettuce plants to downy mildew than BABA-IR established by soil-drenching ([@b9-ppj-29-305]).

Responses of 2-week-old seedlings treated with high concentration of BABA by foliar-spraying were investigated 7 days after treatment. The 1st and 4th leaves were not affected in FW, but FW of 2nd and 3rd leaves was significantly reduced. It indicates that BABA-induced growth retardation occurs only in the developing and emerging leaves, but not in already fully expanded developed leaves (1st) and in the leaves not directly treated (4th). High dose (10--20 mM) of BABA-induced tissue damages were found in the 1st and 2nd leaves of kimchi cabbage seedlings. It was found that superoxide anion (O~2~^−^) and hydrogen peroxide (H~2~O~2~) accumulation as histochemically observed in tobacco leaves treated with BABA ([@b48-ppj-29-305]). However, generation of superoxide anion (O~2~^−^) and hydrogen peroxide (H~2~O~2~) was not detected in the BABA-treated kimchi cabbage leaves by histochemical staining (data not shown). ROS production is not likely to relate with the BABA-mediated cell death in the kimchi cabbage. Further studies on cellular and biochemical relations of BABA-triggered tissue damages remain to be investigated in kimchi cabbage plants.

Role of BABA during *in vitro* fungal growth.
---------------------------------------------

Since BABA-IR was first found in tomato plant to late blight, *in vitro* antimicrobial activity of BABA has been rarely observed ([@b8-ppj-29-305]). Recently, increasing evidences on the direct antimicrobial activity of BABA against plant pathogens have been demonstrated, although BABA has still ability to confer enhanced resistance via defense priming machinery. Even 2 and 8 mM of BABA have arrested mycelial growth and conidial germination of *Leptosphaeria maculans*, respectively, and more than 12 mM of BABA was demonstrated to induce disease protection in *Brassica napus* against blackleg by *L. maculans* ([@b46-ppj-29-305]). In other cases, relatively higher concentrations of BABA inhibited spore germination and germ tube elongation of *Penicillium digitatum* and *P. italicum in vitro* ([@b40-ppj-29-305]; [@b52-ppj-29-305]). Mycelial growth and conidial germination of *Botrytis cinerea* were also restrained by increasing BABA doses ([@b12-ppj-29-305]). However, BABA-IR in many plants including apple fruits was still thought be achieved as a non-antimicrobial component ([@b42-ppj-29-305]).

In this study, we aimed to investigate whether BABA has direct antifungal activities against kimchi cabbage pathogens. *In vitro* conidial germination and mycelial growth of two different fungal species *A. brassicicola* and *C. higginsianum* treated with BABA were evaluated. Surprisingly, *in vitro* conidial germination of the two fungi was differentially regulated. Different range of BABA concentrations positively or negatively affected the conidial germination of *A. brassicicola* and *C. higginsianum,* respectively*.* Relatively lower BABA (1 mM) dose induced conidial germination of *A. brassicicola*, whereas rapid conidial germination of *C. higginsianum* occurred by increasing dose of BABA up to 10 mM. Fungal spore germination have been stimulated or inhibited by endogenous and/or exogenous stimuli from the ambient environment ([@b29-ppj-29-305]; [@b57-ppj-29-305]). Amino acid alanine promoted spore germination of *Rhizopus oligosporus* but proline negatively affected the spore germination ([@b53-ppj-29-305]). Amino acids such as serine, alanine, glutamic acid, arginine and methionine inhibited conidial germination of *A. alternata,* whereas aspartic acid, phenylalanine and threonine stimulated the germination ([@b31-ppj-29-305]). The present study on *in vitro* regulation of the conidial germination suggests that metabolic process of non-protein amino acid BABA within the fungal cells during the germination also remains investigated.

*In vitro* mycelial growth of *A. brassicicola* was accelerated by 1 to 2 mM of BABA. *Alternaria* spp. are taxonomically classified as family Dematiaceae with their conidia and hyphae melanized and pigmented in normal growth conditions ([@b41-ppj-29-305]; [@b55-ppj-29-305]). BABA treatment may adversely affect melanization of *A. brassicicola in vitro* shown by changing colony color faint. Melanin production of *A. alternata* is critically important in conidial development as well as fungal pathogenicity ([@b25-ppj-29-305], [@b26-ppj-29-305]). Although molecular genetics studies on pigmentation of *A. brassicicola* have been not demonstrated so far, BABA treatment is likely to reduce melanin production of *A. brassicicola* and the virulence on kimchi cabbage seedlings. However, *A. brassicicola* still seems to have pathogenicity to kimchi cabbage treated with high dose of BABA.

Mycelial growth of *C. higginsianum in vitro* was not drastically regulated by exogenous BABA treatment. However, colony of *C. higginsianum* on the culture media supplemented with increasing BABA turned to be sticky salmon-colored, implying production of conidial mass on the media. *C. gloeosporioides* produce salmon-colored conidial mass on the artificial media and the infected host tissues ([@b4-ppj-29-305]; [@b5-ppj-29-305]). Conidia from lesions of the infected host tissues can be disseminated to uninoculated plant parts or other plants as a secondary inoculum for the disease progression in the field. Conidation of *C. higginsianum* was increased *in vitro* by BABA treatment in this study. *In vitro* and *in planta* fungal sporulation were known to be influenced by external stimuli, i.e. light, aeration, pH, injury to the culture, nutritional conditions, as well as host factors ([@b10-ppj-29-305]; [@b44-ppj-29-305]). Information on BABA-induced *in vitro* conidation of *C. higginsianum* is still limited.

BABA is an isomer of α-aminobutyric acid (AABA) and γ-aminobutyric acid (GABA). AABA was known as one of the good nitrogen sources for conidial production of *Venturia inaequalis*, apple scab fungus ([@b43-ppj-29-305]). GABA plays a role in nitrogen metabolism to regulate carbon-to-nitrogen (C:N) balance and in protections against oxidative and osmotic stresses in plants ([@b2-ppj-29-305]). GABA can be used as a major nitrogen source for phytopathogenic fungus during pathogenesis. High increase in GABA content was found in tomato leaves inoculated by virulent *Cladosporium fulvum,* tomato leaf mold fungus ([@b50-ppj-29-305]). GABA was suggested to be utilized by the *C. fulvum* in the tomato leaf apoplast as a nutrient source ([@b51-ppj-29-305]). Carbon-tonitrogen ratio of 15:1 in the nutritional media enhanced conidation of *Colletotrichum* spp. compared to relative carbon-to-nitrogen ratios 40:1 or 5:1 ([@b20-ppj-29-305]). BABA treatment may influence on nutritional balance and promote conidation of *C. higginsianum*. On the other hand, high concentration of non-protein amino acid BABA can merely trigger amino acid stresses controlling of the fungi, as demonstrated in Arabidopsis plant treated with BABA showing anthocyanin accumulation caused by general amino acid stress ([@b63-ppj-29-305]). Involvement of BABA in fungal nutritional balance, amino acid metabolism, *in vitro* conidation and pathogenicity of *A. brassicicola* and *C. higginsianum* remains elucidated.

To investigate whether BABA induce resistance to the pathogen attack, we applied different concentrations of BABA onto the kimchi cabbage seedlings 1 day prior to challenge inoculation by *A. brassicicola* and *C. higginsianum.* It is still not known how much BABA is entered into plant tissues from the leaf surface after spraying and whether it directly contacts with fungal conidia and/or mycelia on and/or within leaf tissues 1 day after treatment.

BABA-primed disease resistance of kimchi cabbage *in planta.*
-------------------------------------------------------------

IR in the kimchi cabbage plants against the two fungal pathogens was shown. A range of 0.5 -- 2 mM BABA was sufficient to mediate IR to *A. brassicicola* in the kimchi cabbage. [@b21-ppj-29-305] has briefly mentioned BABAIR of two *Brassica* species, broccoli (*B. oleracea* var. *italica*) and cauliflower (*B. oleracea* var. *botrytis*) to *A. brassicicola* infections, but BABA-IR of the kimchi cabbage plant to *A. brassicicola* has not been reported. BABA treatment compromised the enhanced disease susceptibility in the camalexin-deficient Arabidopsis mutant *pad3-1* highly susceptible to *A. brassicicola* infection ([@b56-ppj-29-305]). BABA-IR was demonstrated in *Brassica juncea* against *Alternaria brassicae*, another fungal species causing Alternaria leaf black spot ([@b24-ppj-29-305]). Treatment with BABA efficiently controlled moldy-core decay of apple fruits by *A. alternata* without direct inhibition of conidial germination and mycelial growth (Reuveni et al.,2003). These results suggest that BABA can activate enhanced disease resistance of many host plants to different *Alternaria* spp. Thus this report will be first to demonstrate dose-dependent chemical BABA-induced disease resistance to *A. brassicicola* in kimchi cabbage plants.

Interestingly, relatively higher dose of BABA (10 mM) could confer minute IR in the kimchi cabbage plants to *A. brassicicola*. These might be due to BABA causing phytotoxicity in the 1st and 2nd leaves of kimchi cabbage plants by more than 5 mM concentration ([Fig. 2A](#f2-ppj-29-305){ref-type="fig"}), at which FW of the leaves was significantly not affected, but tissue damages of small specks appeared on the leaves. Similar dose-dependent BABA-IR effect was found in grapefruit inoculated by green mold *P. digitatum* ([@b40-ppj-29-305]). Twenty mM of BABA effectively triggered disease resistance, however, less effective at either higher or lower concentrations of BABA. These indicated that optimal concentration of BABA is required for inducing disease resistance in plants including kimchi cabbage plants to combat pathogen attacks efficiently.

BABA-IR was differently effective in the 1st and 2nd leaves of kimchi cabbage plants against *A. brassicicola* infection. It was demonstrated that BABA-IR was more efficiently expressed in the 2nd leaves than in the 1st leaves. BABA concentration of 0.5--2 mM triggered IR in the 1st leaves, while broader range of 0.2--10 mM BABA was effective in the 2nd leaves. BABA-IR in tobacco plants to downy mildew oomycete pathogen *Peronospora tabacina* was dependent on the leaf position demonstrating that effect of BABA was relatively low in the lower leaves than upper leaves ([@b6-ppj-29-305]). Disease protection against late blight *P. infestans* by BABA occurred in leaf position-dependently as well as dose-dependently in tomato plants ([@b7-ppj-29-305]). These findings support the notion that expression of BABA-IR was developmentally modulated in the plants.

BABA-mediated disease protection occurs in many plant species against a wide range of pathogens including fungi and bacteria, which promoted us to evaluate broad disease resistance by BABA in kimchi cabbage plants as well. Unlike necrotrophic attack by *A. brassicicola* during pathogenesis, hemibiotrophic fungus *C. higginsianum* invades host plant based on initial biotrophic and subsequent necrotrophic stages, which have been also frequently observed in penetrating *Colletotrichum* spp. like *C. graminicola* on maize and *C. truncatum* on pea ([@b32-ppj-29-305]; [@b35-ppj-29-305]; [@b37-ppj-29-305]). BABA-IR against *Colletotrichum* spp. was previously described in cucumber and pepper plants to *C. orbiculare* and *C. coccodes*, respectively ([@b19-ppj-29-305]; [@b23-ppj-29-305]). Despite transition of *C. higginsianum* from biotrophy to necrotrophy at the later infection stage, high dose of BABA-mediated phytotoxicity did not affect BABA-IR. It seems that the BABA-triggered tissue was healed and no more nutrition supply for fungal growth. Interestingly, effective dosage for BABA-IR against *C. higginsianum* was different from that against *A. brassicicola* in kimchi cabbage. BABAIR against *A. brassicicola* was achieved by some range of concentrations, whereas BABA-IR against *C. higginsianum* was more effective by higher concentrations. It may be due to difference in infection style of the two fungal species. Necrotrophic fungi, such as *A. brassicicola* and *B. cinerea* utilized nutrition derived from necrotizing and dead plant tissues for their ingress and colonization in the host tissues ([@b17-ppj-29-305]; [@b30-ppj-29-305]). High dose of BABA resulted in phytotoxicity to kimchi cabbage seedlings showing formation of tiny specks on the leaves, which may cause plant derived nutritional release for accelerated fungal development and compromised BABA-IR in the kimchi cabbage plants. Development-regulated BABAIR against *A. brassicicola* infection was not found in the *C. higginsianum-*inoculated kimchi cabbage leaves.

For mode-of-action of BABA as a defense priming agent against pathogen attacks, enhanced activation of defense gene expression, callose deposition, phytoalexin production and cell wall lignifications have been investigated in several plant species ([@b18-ppj-29-305]; [@b38-ppj-29-305]; Ton and Mauchi-Mani, 2004). Defense priming and signaling cross-talk related to BABA during IR against *A. brassicicola* and *C. higginsianum* infections in kimchi cabbage plants needs to be explained further through molecular and genetic approaches. In addition, BABA-IR in kimchi cabbage plants against broad spectrum of plant pathogens including virus, oomycetes, bacteria and nematodes remains investigated as well.

Taken together, BABA was found to be developmental regulator as well as priming agent for induced disease resistance against fungal infections in kimchi cabbage plants. Molecular and genetic studies on the signal cross-talk of various plant growth regulators and defense components with BABA during seedling development and induced disease resistance in kimchi cabbage will provide more valuable information on mode-of-action of BABA in plants.
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![Early seedling development of kimchi cabbage in response to β-amino-*n*-butyric acid (BABA) treatment. (A) Dose-dependent growth retardation of kimchi cabbage seedling. Photo was taken 1 day after BABA treatment of germinated seeds. (B) Fresh weight and root elongation of kimchi cabbage seedlings 3 days after different concentrations of BABA treatment. (C) Kimchi cabbage seedling growth in response to increasing concentration of abscisic acid (ABA). Fresh weight and primary root elongation of the seedlings were measured 3 days after ABA treatment. (D) The seedling growth in response to BABA treatment in combination with ABA. Fresh weight and primary root elongation of the seedlings were measured 2 days after the chemical treatment. Fresh weight and primary root length of the seedlings were measured. Data are the means ± standard errors from four independent experiments performed with similar results (*n* = 8). Mean separation by Duncan's multiple range test at *P* = 0.05. The same letter above bars represented no significant difference between treatments.](ppj-29-305f1){#f1-ppj-29-305}

![Effect of β-amino-*n*-butyric acid (BABA) treatment on seedlings growth and leaf tissue damage of kimchi cabbage. (A) The seedlings growth by foliar-spraying and root-dipping with BABA. Fresh weight of the seedlings 1 day after treatment was measured. Normal (left) and wilting (right) of the seedlings treated with 0 and 10 mM of BABA, respectively, by root-dipping were demonstrated in inset. Photo was taken 1 day after treatment. (B) Leaf damages of the kimchi cabbage seedlings by foliar-spraying of high dose of BABA. Photo was taken 7 days after treatment. Leaf positions were countered from the bottom of the kimchi cabbage seedling. (C) BABA-treated kimchi cabbage leaves that chlorophylls were removed with ethanol overnight to clearly visualize tissue damage. Necrotic lesions were seen as leaf spots of brown color. (D) Fresh weight of leaves at different positions at 7 days after BABA treatment. Data are the means ± standard deviations from four independent experiments. Mean separation by Duncan's multiple range test at *P* = 0.05. The same letter above bars represented no significant difference between treatments.](ppj-29-305f2){#f2-ppj-29-305}

![Effect of BABA on *in vitro* growth of phytopathogenic fungi, *A. brassicicola* and *C. higginsianum*. (A) *In vitro* conidial germination and (B) mycelial growth of the fungi treated with increasing concentrations of BABA. Data are the means ± standard deviations from four independent experiments. Mean separation by Duncan's multiple range test at *P* = 0.05. The same letter above bars represented no significant difference between treatments. (C) Fungal colonies formed on PDA media supplemented with different concentrations of BABA. Photos were taken 7 days after culture under dark conditions at 25 °C. (D) Conidation of *A. brassicicola* and *C. higginsianum* modulated by BABA treatment. Data are the mean conidial number ± standard deviations from four independent experiments. Mean separation by Duncan's multiple range test at *P* = 0.05. The same letter above bars represented no significant difference between treatments.](ppj-29-305f3){#f3-ppj-29-305}

![BABA-induced disease resistance of kimchi cabbage plants to black spot by necrotrophic fungal *A. brassicicola* and anthracnose by hemibiotrophic fungal *C. higginsianum*. (A) Reduced black spot symptom development on the leaves of kimchi cabbage seedlings by BABA pretreatment. Different concentrations of BABA were evenly sprayed onto the seedlings 1 day prior to fungal inoculation by placing 4 drops of conidial suspension on the first (1st) and second (2nd). Induced resistance was expressed as lesion no./leaf. (B) BABA-induced disease resistance of kimchi cabbage seedlings against *A. brassicicola* infection. The seedlings were pretreated with or without BABA 1 day prior to foliar spray inoculation. Symptom development was observed and photos were taken at 4 days post-inoculation (dpi). (C) Reduced anthracnose symptom development on the leaves of kimchi cabbage seedlings by BABA pretreatment. Different concentrations of BABA were evenly sprayed onto the seedlings 1 day prior to fungal inoculation by placing 4 drops of conidial suspension on the first (1st) and second (2nd). Induced resistance was expressed as lesion no./leaf. (D) BABA-induced disease resistance of kimchi cabbage seedlings against *C. higginsianum* infection. The seedlings were pretreated with or without BABA 1 day prior to foliar spray inoculation. Symptom development was observed, and photos were taken at 7 dpi. Number of necrotic lesions on the first and second leaves was counted. Data are the means ± standard deviations from four independent experiments. Mean separation by Duncan's multiple range test at *P* = 0.05. The same letter above bars represented no significant difference between treatments.](ppj-29-305f4){#f4-ppj-29-305}
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